The Epstein-Barr virus early antigen (EBV EA) complex consists of multiple proteins with potential significance for diagnosis of EBV-related diseases. In many individuals, detection of antibody to the early antigen (EA) is a sign of active infection, but 20% of healthy people may have this antibody for years. We studied the role of EA immunoglobulin G (IgG) in individuals with atypical antibody responses in the diagnosis of infectious mononucleosis (IM) and in EBV-infected transplant patients. EA IgG was present in 72% of confirmed IM patients. A trend was observed between high viral loads and the presence of EA IgG and between low viral loads and the absence of EA IgG in EBV-associated disease negative liver transplant recipients. Three assays that measure serum EA IgG were compared; enzyme-linked immunosorbent assay (ELISA), chemiluminescent immunoassay (CLIA), and immunoblot assay. The automated CLIA was found to be more accurate than the ELISA when using the immunoblot assay as a ''gold standard'' assay in the detection of EA IgG. There may be a potential role for EA IgG testing, together with EBV viral load, in the prediction of transplant recipients at risk of EBV-associated disease; however, EA IgG does not play a significant role in the differential diagnosis of EBV infection in immunocompetent individuals.
Introduction
T he Epstein-Barr virus early antigen (EBV EA) complex consists of multiple nonstructural proteins with potential significance for diagnosis of EBV-related diseases. At least two forms of early antigen (EA) have been identified on the basis of their distribution in the cell, namely diffuse and restricted. 1 The diffuse EA is reported to be expressed during the early lytic phase of virus replication. 1 The typical antibody pattern of primary EBV infection is characterized by the presence of immunoglobulin (Ig) M and IgG antibodies to the EBV viral capsid antigen (VCA) and EA and by the absence of Epstein-Barr nuclear antigen (EBNA-1) IgG antibodies.
Primary EBV infection in an immunocompetent adolescent or adult often leads to infectious mononucleosis (IM), a usually self-limited clinical syndrome. However, EBV serology can present with a high degree of variability between individuals, which can complicate serological diagnosis of IM. [2] [3] [4] This problem can be dealt with through the detection of a combination of EBV serological markers. 3 Several reports in the literature suggest that the combination of the three analytes VCA IgM, VCA IgG, and EBNA IgG are generally sufficient for the diagnosis of an acute, past, or no EBV infection. 2, 3 VCA IgM and VCA IgG in the absence of EBNA-1 IgG are typically found in patients with primary infections. 3 In contrast, past infections are typically characterized by the presence of VCA-IgG and EBNA-1 IgG antibodies in the absence of VCA IgM antibodies. 3 Primary importance is therefore given to EBNA-1 IgG because a positive result definitely excludes an acute EBV infection. 3 Reports on the diagnostic role of EA IgG as a marker for the specific detection of an acute EBV infection are varied in the literature. Several authors suggest that EA IgG is not very useful for the specific detection of acute EBV infection due to the fact that this marker can be present in both acute and reactivated EBV infection. 2, 3, 5 However EBNA-1 IgG is a marker of past infection, and therefore a positive EA IgG result will indicate an acute infection in the absence of EBNA-1 IgG antibodies. Therefore the use of EA IgG testing in conjunction with other EBV serological markers may be useful in the stage-specific diagnosis of EBV infection.
For example, VCA IgM may persist for a long time after acute infection instead of becoming negative at the time of seroconversion of anti-EBNA-1. 5 If EBV serology is restricted to the determination of anti-VCA, sera with persistent VCA IgM could be mistaken as indicative of acute infection. In contrast, in some individuals, VCA IgM may be too low for detection or may appear in a delayed fashion during acute EBV infection. 5 The addition of EBV EA IgG serology in conjunction with EBNA-1 IgG testing could clarify the diagnosis in both of these atypical serological responses allowing for the accurate diagnosis of an acute, reactivated, or past infection. If EA IgG antibodies are detected in the absence of EBNA-1 IgG antibodies this may indicate an acute EBV infection. The presence of both high EBNA-1 IgG titers and EA IgG may be a sign of EBV reactivation. If EA IgG antibodies are not detected and EBNA-1 IgG antibodies are present, then this may suggest a past infection.
In immunocompetent individuals, EBV reactivation is frequently of short duration and is generally considered to be without clinical relevance. 6 In contrast, primary EBV infection is a differential diagnosis in a variety of clinical scenarios. 6 Therefore, diagnosing primary versus reactivated EBV infection in patients with suspected IM is of importance. 6 Although the addition of EA IgG testing to the traditional EBV diagnostic screen, which typically includes only EBNA IgG, VCA IgM, and VCA IgG, may not be cost effective for routine laboratories, the inclusion of this marker may be important in reference laboratories in order to clarify the diagnosis in atypical cases.
Following primary infection EBV establishes lifelong latency in the B lymphocytes of the host. 7 As in the case of other herpes viruses, if host-virus balance is shifted virus reactivation may occur. EBV is transmitted in the saliva, infects B cells in the oropharyngeal epithelium, and enters the lymphoid tissue. 7 Following infection of naive B cells in the lymph node, all latent genes are expressed, and the viral latent proteins trigger the B cells to divide and enter the germinal center reaction in the absence of a cognate antigen. 8 The transit through the germinal centre results in establishment of a life-long infection of memory B cells. EBV lies latent in these B cells by expressing few immunogenic viral proteins. 9 Terminal differentiation to plasma cells results in reactivation of the virus to the lytic cycle, expression of lytic proteins and production of infectious virus. 8 In contrast to latently infected B cells, viral genes encoding proteins involved in viral DNA replication and viral particle synthesis are expressed during the lytic cycle. 7 The virus can infect B cells within the lymphoid tissue or be shed into the saliva. 7 EBV-infected B lymphocytes are initially controlled by natural killer cells and cytotoxic T lymphocytes (CTLs). 7 However, the initial CTL response does not remove all of the EBV-infected B cells, permitting the establishment of memory B cells latently infected with EBV. 7 When EBV is reactivated from latently infected cells, several viral proteins are expressed and the infected cells are recognized and destroyed by CTLs. 7 A balance is therefore established and maintained between viral reactivation and host immune surveillance. 7 Transplantation of solid organs has been successful mainly due to the development of immunosuppressive regimens that have reduced the incidence of rejection of the transplanted organ by the recipient. 10 However, a major problem associated with the nonspecific nature of immunosuppression is the susceptibility of the recipient to opportunistic infections as well as the increased risk of developing malignancies.
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Primary or reactivated EBV infection in immunocompromised individuals can be associated with life-threatening disorders such as post-transplantation lymphoproliferative disorders (PTLD). Immuncompromised solid organ transplant recipients are at particular risk for the development of EBVassociated PTLD. PTLD is characterized by uncontrolled proliferation of EBV-infected B lymphocytes leading to a wide spectrum of diseases ranging from early hyperplastic lesions to true lymphomas. Primary EBV infection after transplantation is a major risk factor for PTLD development; however, EBV reactivation can also lead to PTLD in transplant recipients.
Early detection of PTLD is important because PTLD tends to be rapidly progressive in immunocompromised patients. 12 Early recognition of PTLD may therefore allow for prompt therapy and potentially decrease mortality, thereby improving overall patient management. 13 It has been suggested that the use of a serological marker such as EBV EA IgG, in conjunction with EBV viral load, could potentially better predict the risk of developing EBV-induced PTLD. [14] [15] [16] [17] Given the increasing numbers of all types of transplants and the high mortality rates associated with PTLD in immunocompromised transplant recipients the potential role for EA IgG testing in conjunction with EBV viral load for the early detection of PTLD needs to be determined.
The aims of the study were to investigate the diagnostic value of anti-EA IgG testing in the stage-specific differential diagnosis of EBV infection in immunocompetent individuals with atypical antibody responses. Furthermore, we assessed whether anti-EA IgG detection in conjunction with EBV DNA viral load quantification had better predictive value than EBV DNA alone in the diagnosis of EBV-associated disease in immunosuppressed adult liver transplant recipients since during the study period none of the patients developed PTLD. The performance of three EBV EA IgG serological assays was assessed: an EBV EA IgG enzyme-linked immunosorbent assay (ELISA) and a fully automated indirect chemiluminescence immunoassay (CLIA) were compared with an EBV IgG immunoblot assay.
Patients and Methods

Patients
Eighty-five serum or plasma samples from 69 individuals were selected from the archived database at the National Virus Reference Laboratory, Belfield, Ireland. Two patient (Fig. 2) . Five patients were EBV seronegative prior to transplant (18%). Patient samples were preferentially selected within 1 year post-transplant because the risk of developing PTLD has been reported to be greatest in this time frame. 18 There were no clinically confirmed cases of PTLD in this cohort; however, three patients were treated for EBV-associated disease (Cohort 2, Group 1). Two of these patients were women, aged 60 and 56 years, with neurological symptoms, and EBV was detected in their cerebrospinal fluid. 19 After extensive clinical, radiological, and microbiological analysis, the diagnosis of EBV encephalitis was made because there was no evidence of lymphoproliferation. The third patient was a 55-year-old man that developed a febrile illness, had elevated liver function tests, and high EBV viral loads of 3,807,000 copies/mL. All patients were managed with the reduction of immunosuppression and administration of antiviral therapy. 19 Ethical approval for the study was obtained from the Research Ethics Committee of St. Vincent's University Hospital and the Human Research Ethics Committee of University College Dublin.
Detection of EA IgG
The detection of EA IgG in patients' samples was carried out using three different specific serological assays. All assays were performed in accordance with the manufacturers' instructions. The EBV EA IgG ELISA (MP Biomedicals Germany GmbH, Eschwege, Germany) is a microtiter plate assay which detects and quantifies specific human IgG against EBV p54 EA. The LiaisonÒ EBV EA IgG CLIA (DiaSorin S.p.A., Saluggia [VC], Italy) is a two-step immunoluminometric sandwich assay using directly coated magnetic particles for the detection of EBV EA IgG against the p54 EA. The recomBlot EBV IgG (Mikrogen, Molekularbiologische Entwicklungs GmbH, Neuried, Germany) is a qualitative immunoblot assay that detects IgG against EBV membrane antigen, VCA, EBNA, and EA (p54 and p138). All samples were tested for EA IgG using the ELISA and CLIA methods. One patient's sample from Cohort 2, Group 3 was unsuitable for testing on the immunoblot assay; therefore, the total number of patients tested in this group was seven.
Determination of EBV DNA viral load in whole blood
DNA was extracted from 200 lL of whole blood samples using the Qiagen DNA mini-kit (Qiagen, Crawley, United Kingdom) and eluted in 100 lL according to the manufacturer's instructions. Amplification and quantification was performed using the Light Cycler EBV Quantification kit (Roche Diagnostics GmbH, Roche Applied Science, Mannheim, Germany) according to manufacturer's protocol. EBV DNA viral loads are expressed as copies per milliliter.
Statistical analysis
The results from the EBV EA IgG ELISA, CLIA, and immunoblot assays were compared using McNemars test. This nonparametric test compares proportions arising from matched pairs (i.e., different tests performed on the same patients). The sensitivity, specificity, positive predictive value, and the negative predictive value of the ELISA and CLIA assays were calculated in relation to the immunoblot assay. The 95% confidence limits were calculated for the standard error of the proportions. Table 1 shows that in the IM-positive Group 1, 72% of individuals tested positive for EA IgG. EA IgG was detected in two patients in Group 2 (patients 56 and 58). EA IgG, VCA IgM, and EBNA IgG antibodies were not detected in a One patient's sample was unsuitable for testing on the immunoblot assay and therefore the total number of patients tested using the immunoblot assay in this group was 7.
Results
EA IgG detection in immunocompetent individuals and immunosuppressed liver transplant patients
EA, early antigen; EBNA, Epstein-Barr nuclear antigen; EBV, Epstein-Barr virus; Ig, immunoglobulin; IM, infectious mononucleosis; VCA, viral capsid antigen. the initial sample from patient 56. However, a second sample taken 2 months later was positive for EA IgG, VCA IgG, and IgM antibodies and weakly positive for EBNA IgG. These results were reported as being ''consistent with recent EBV infection.'' Patient 58 was also reported as having a ''recent EBV infection'' due to a positive VCA IgG, negative VCA IgM, and negative EBNA IgG antibody result in addition to clinical details of a ''recent positive monospot test and mononucleosis-like illness.'' All eight individuals in Group 3 were positive for EBNA IgG, VCA IgG, and IgM antibodies. EA IgG was detected in five patients. A report comment was sent out stating ''it is probable that EBV infection occurred more than 3 months ago; however, if this patient is immunocompromised, and EBV reactivation is suspected, an EDTA whole blood should be collected for EBV DNA testing to document the current EBV status.'' However, no further samples were received from these patients. Acute infection was ruled out due to the presence of EBNA IgG antibodies.
Serum from one of the three patients with EBV-associated disease, Group 1 Cohort 2, tested positive for EA IgG antibodies (Table 1 ). This patient was EBV seronegative prior to transplant while the other two patients were EBV seropositive. Only one of the EA IgG-positive patients from both Group 2 and Group 3 was EBV seronegative pretransplant. In Group 4, only one patient tested positive for EA IgG. All patients in this group were EBV seropositive before transplant.
Comparison of three assays for the detection of EA IgG in serum Table 2 shows the results from 68 patients tested for EA IgG using the ELISA and CLIA methods. Tables 3 and 4 show that the CLIA and immunoblot produced more comparable results ( p = 0.782). However, there was a significant difference between the results of the ELISA and the immunoblot EA IgG assays ( p = 0.0003) and the results of the CLIA and ELISA assays ( p = 0.00027). Comparisons with the immunoblot results showed that the CLIA is more sensitive (77%) than the ELISA (50%) but that the CLIA is less specific (42%) than the ELISA (100%) ( Tables 5 and 6 ). Although the negative predictive value and efficiency of the two assays were comparable (CLIA 45%, ELISA 48%), the positive predictive value of the ELISA (100%) was greater than the CLIA assay (74%).
Discussion
In agreement with literature reports that the prevalence rate of EA antibodies in immunocompetent individuals with acute primary IM is between 60% and 80%, our cohort showed 72% positivity. 2, 20 In the patients with atypical serology, Cohort 1, Groups 2 and 3, we found that the inclusion of EA IgG testing to the typical testing algorithm, involving VCA IgG, VCA IgM, and EBNA IgG, generated results that were consistent with the diagnosis reported from using these three markers alone. The simultaneous presence of VCA IgM, EBNA IgG, VCA IgG, and EA IgG antibodies in four patients in Group 3 could possibly indicate a reactivation of EBV infection. However, the use of EA IgG testing in the diagnosis of acute EBV infection must be interpreted with caution because EA IgG antibodies are not always present in every individual with acute IM and can remain detectable for years after the initial EBV infection in 20%-30% of individuals. 6, 20 Therefore, the entire clinical picture must be taken into consideration when making a diagnosis. Although a further sample was requested for EBV DNA testing from these patients, none were received. The analysis of specific EBV IgG avidity facilitates more accurate estimations on the exact dates of infection, since avidity rises increasingly during the course of infection, and may therefore be a preferential alternative to EA IgG testing. 3, 6 In immunocompromised transplant recipients, the prediction of individuals at high risk of EBV-associated PTLD development is of paramount importance in order to implement therapeutic interventions as early as possible. 7, 21 Due to the growing number of solid organ transplantations and the high mortality rates associated with PTLD, the identification of these patients is a key concern. 2, [22] [23] [24] The potential role of EA IgG testing, in conjunction with viral load testing, is therefore an important area of investigation.
The results of the present study demonstrated that in a small number of patients, the presence of EA IgG was proportional to EBV DNA viral load (Table 1 ). In a published study that directly correlated EA titers with EBV viral load and PTLD development, all PTLD-negative, high-risk patients were EA positive and all low-risk patients were EA negative.
14 All PTLD-positive individuals in the same study had high EBV DNA viral loads and low EA titers. Therefore, it was concluded that transplant patients with high EBV viral loads and negative EA antibody results were at risk of PTLD development. Although the results from the present study are similar to those of Carpentier and colleagues, 14 not all of the high-risk patients in the present study were positive for EA IgG, and one patient in the low-risk group was positive for EA IgG. Our findings of the absence of EA IgG in some patients with high viral loads indicates that the use of EA IgG testing in conjunction with viral load may possibly increase the positive predictive value of viral load testing. A similar conclusion was reached in a study on pediatric solid organ transplant recipients 16 ; however, the limitation of our study was that no patients developed clinically confirmed PTLD. Given that primary EBV infection after transplantation is a major risk factor for PTLD development, 14 the present study was also limited by the fact that only 5 of the 28 patients (18%) in this cohort were EBV seronegative prior to transplantation. Other factors, such as the type and/or severity of the patients' immunosuppressive treatment and/or coinfection with cytomegalovirus are also significant risk factors in the development of PTLD. 11, 17, 25, 26 Furthermore, it is known that up to 10% of PTLD cases are EBV negative.
Traditionally the indirect immunofluorescence assay is the ''gold standard'' for serological diagnosis of EBV infection. 3, 4, 15, 27 There is good agreement between the immunofluorescence assay and the immunoblot methods. 15, 27, 28 Therefore, the immunoblot assay was used as a reference point in the current study. Our findings demonstrated a highly significant difference between the ELISA and CLIA methods. This finding was unexpected since both assays detect IgG to the EBV p54 EA. Comparisons with the immunoblot results showed that the CLIA is a more sensitive but less specific assay. The poor sensitivity of the ELISA assay leading to false-negative results has been previously reported. 15, 28 Furthermore, it has been reported that immunoassay interference in certain assays carried out on the Liaison analyzer, can lead to false-positive results. 29 This may explain the higher proportion of false-positive results, and hence the lower positive predictive value and poor specificity of the CLIA method. This assay interference can be partially prevented by the addition of chemical blocking reagents, such as polyvinylpyrrolidone and polyvinyl alcohol, to the assay buffers. 29 Studies are currently underway to examine this further. 
